Critically ill patients with severe infections are at high risk of suboptimal antimicrobial dosing. The pharmacokinetics (PK) and pharmacodynamics (PD) of antimicrobials in these patients differ significantly from the patient groups from whose data the conventional dosing regimens were developed. Use of such regimens often results in inadequate antimicrobial concentrations at the site of infection and is associated with poor patient outcomes. In this article, we describe the potential of in vitro and in vivo infection models, clinical pharmacokinetic data and pharmacokinetic/ pharmacodynamic models to guide the design of more effective antimicrobial dosing regimens. Individualised dosing, based on population PK models and patient factors (e.g. renal function and weight) known to influence antimicrobial PK, increases the probability of achieving therapeutic drug exposures while at the same time avoiding toxic concentrations. When therapeutic drug monitoring (TDM) is applied, early dose adaptation to the needs of the individual patient is possible. TDM is likely to be of particular importance for infected critically ill patients, where profound PK changes are present and prompt appropriate antibiotic therapy is crucial. In the light of the continued high mortality rates in critically ill patients with severe infections, a paradigm shift to refined dosing strategies for antimicrobials is warranted to enhance the probability of achieving drug concentrations that increase the likelihood of clinical success.
Introduction
Treatment outcomes for severe infections remain poor, with critically ill patients having high mortality rates [1, 2] . The treatment of infections in critically ill patients is very challenging, as infection paradigms are mostly based on infection models and clinical data that do not specifically account for the antimicrobial pharmacokinetics (PK) and severity of illness of these patients. PK changes to antimicrobial volume of distribution, clearance, protein binding and tissue penetration can be significantly different to that observed in other patient groups [3] often resulting in insufficient antimicrobial concentrations in plasma and at the site of infection. Generally accepted PK/pharmacodynamic (PK/PD) targets may not apply for these patients [4] . Further, infections in intensive care units (ICUs) are commonly caused by multidrug-resistant pathogens which are associated with even worse outcomes [5] .
The current environment of ICUs requires existing antimicrobial agents to be used more judiciously and optimally to respond to the challenges of infection in critical illness and increasing antimicrobial resistance. In view of the heterogeneity of critically ill patients, a move towards individualised dosing is required. Obtaining the data to support the required novel dosing approaches can be gained from models that quantify antimicrobial exposure-effect relationships relating to both microbial killing and suppression of resistance [6] . In this article, we review the potential roles of various infection models, clinical PK and PK/PD modelling for the development of optimised dosing regimens for use in critically ill patients.
Preclinical data
Laboratory-based in vitro and animal data are used to define antimicrobial PD, which supports the initial design of dosing regimens.
Describing pathogen susceptibility to antimicrobials
The PD characteristics of an antimicrobial relate drug concentrations to its ability to kill the pathogen and suppress the emergence of resistance. The most widely used PD measurement for describing the potency of an antimicrobial is the minimum inhibitory concentration (MIC), i.e. the lowest antimicrobial concentration required to inhibit visible growth of the organism in vitro. In practice, determination of the MIC enables an organism to be deemed 'susceptible' , 'intermediate' or 'resistant' to an antimicrobial according to clinical breakpoints [7] [8] [9] taking into account PK properties of the antimicrobial and PD targets. These data define suitable antimicrobials that can be used in a clinical scenario, but do not define the optimal dose for individual patients. Other concepts may be of relevance for suppression of resistance, e.g. the mutant prevention concentration (MPC) [10] , but are not used routinely.
Antimicrobial pharmacodynamics
The shape of the antimicrobial concentration-time curve and microbial susceptibility, measured as MIC, are typically combined into an index variable related to antimicrobial response. The time that the non-protein-bound or free (f) concentration of the drug is above the MIC (% fT > MIC) is suggested to be the best index for some antimicrobials (e.g. beta-lactams). For other antimicrobials (e.g. aminoglycosides and quinolones) the peak concentration achieved (C max /MIC) or the area under the concentration-time curve relative to the MIC (fAUC/MIC) may be more important in predicting therapeutic success [11] [12] [13] [14] .
Knowledge of these PK/PD indices enables the design of dosing strategies that aim to achieve PD targets associated with adequate antimicrobial effects for any specific drug/organism combination. These indices may also be used to inform dose modulations that may be required in different clinical scenarios. For instance, knowledge that C max /MIC is of high importance for an antimicrobial means that when a patient manifests reduced drug clearance the frequency of administration should be reduced (e.g. 24-hourly to 36-or 48-hourly), rather than the drug dose.
In vitro pharmacodynamic models
Although determination of MIC is often sufficient in clinical practice, data on the effects of changing antimicrobial concentrations on the time-course of microbial killing may be important in the development of dosing recommendations. This information can be gained using static time-kill models in which the pathogen is exposed to fixed antimicrobial concentrations and changes in pathogen concentrations are assessed with repeated sampling [15] . Static in vitro time-kill studies enable exploration of the dynamics of bacterial growth and killing, the effects of the bacterial starting inocula on pathogen killing and the probability of emerging resistance during antimicrobial exposure [16] . However, static concentrations do not represent the clinical scenario except when continuous infusion is used. Therefore, the provided data is of moderate relevance for predicting optimal intermittent dosing regimens in individual patients unless a PK/ PD model is developed, from which the effects of different concentration-time profiles can be predicted.
Dynamic in vitro models allow the drug concentrations to be continually adjusted to mimic any PK profile that may occur in vivo [17] . Microbes are exposed to antimicrobials in reaction vessels connected in series or parallel and perfused with fresh culture media and can usually be sampled repeatedly during experiments, enabling killkinetics, drug concentrations and emergence of resistance to be monitored over several days. Hollow-fibre systems are frequently employed [18] , whereby microbes are trapped in a mesh of capillaries over which drugs, nutrients and waste products can diffuse [19] [20] [21] . More research is warranted to validate the clinical relevance of PK/PD relationships observed in vitro. Further, a lack of immune system in most models provides a caveat in the interpretation of results, although it also means that a drug regimen which is active in vitro is more likely to be effective in critically ill patients.
Animal infection models
Animal infection models provide the opportunity to study drug efficacy while accounting for the host immune response, virulence of the pathogen, antimicrobial susceptibility and bacterial load. Further, they allow for measurements of the antimicrobial effects at the site of infection. Most PK/PD studies in animals have been performed in rodent (murine, rat), rabbit or more recently porcine hosts [22] . Studies can be designed to mimic infection syndromes that occur in critically ill patients (e.g. pneumonia, intra-abdominal infection, bacteraemia or meningitis). Establishment of infection may require the animals to be rendered neutropenic by prior administration of an immunosuppressant, which is therefore likely to provide antimicrobial activity data that differ to that observed in an immunocompetent patient.
A challenge of small animal models is that the antimicrobial PK profile can be very different to that observed in humans as a result of much faster drug clearances and therefore requires careful design of the dosing strategy. Few studies to date have been designed to reproduce the altered PK observed in critically ill patients, which is an important field of future research. Biological models allow for assessing multiple endpoints including mortality, quantitative bacterial counts in tissues and description of inflammatory responses (e.g. cytokine measurements). Still, differences between species, e.g. in the host immune response, may be present that can affect the clinical relevance of animal data.
Antimicrobial PK alterations in critically ill patients
Collecting concentration-time data of antimicrobials in critically ill patients is essential for developing population PK models which can be progressed into dosing regimens that are appropriate given the profoundly altered concentrations that can manifest in these patients [4] . The volume of distribution of antimicrobials may be up to a 5-fold increase in the critically ill as compared to other patient groups for which the recommended dosing regimens have been developed [23] . This typically occurs with hydrophilic drugs such as beta-lactams as a result of increased body weight, capillary leakage and fluid resuscitation and may be magnified in the presence of hypoalbuminemia which can affect the unbound (pharmacologically active) drug concentration.
However, changes in clearance of antimicrobials probably have the biggest impact on the observed PK alterations. In this context, the kidney is the most important organ as many of the commonly used antimicrobials are cleared renally. Whereas impaired renal function is a well-known clinical problem, it has become clear in recent years that significantly elevated creatinine clearance-a phenomenon described as augmented renal clearance (ARC)-is also important and may result in antimicrobial underdosing in infected critically ill patients, therapeutic failure and emergence of resistant pathogens [24] . Burns represent a subgroup of patients that often has a profound day-to-day variability in PK of antimicrobials due to the factors described above (e.g. ARC and dramatic fluid shifts) [25] .
Antimicrobial dosing in renal replacement therapy (RRT) and extracorporeal membrane oxygenation (ECMO) is a challenging clinical scenario for dosing of many antimicrobials and requires careful consideration by the clinician (Table 1) [26, 27] . Dosing in the presence of RRT (intermittent, prolonged or continuous) requires knowledge of sources of drug adsorption (filter material) and altered drug clearance (changes in blood dialysate and ultrafiltration flow rate). Once this is known, PK data can be entered into a dosing nomogram, as proposed by Choi et al. [26] , to generate a patient-specific antimicrobial dose. For ECMO, far less is known and despite initial concerns about drug adsorption, this does not appear to be a clinically significant effect in the absence of high protein binding or lipophilicity [27] . As a result of renal and hepatic organ dysfunction present in many ECMO patients, lower antimicrobial doses may be required, at least in the maintenance phase.
The mechanisms mentioned above will primarily affect plasma PK. Infection site antimicrobial concentrations, which are likely to be more important in the treatment of most infections, are even less predictable and are affected by drug, tissue type and pathology (e.g. presence of shock). To date, there is a general shortage of robust studies describing both plasma and infection site PK and careful methodological and statistical power considerations are required in designing future studies to gain more informative data.
Clinical PK studies
Given the significant PK variations observed in critically ill patients it is important that the PK of antimicrobials is well characterised in clinical studies targeting the intended patient group and type of infection.
Importance of robust study design and optimal sampling
Rapidly changing physiology in critically ill patients may be captured through repeated sampling and the collection of relevant physiological parameters. Such data may allow for an understanding of how disease/patient factors such as renal function, presence of extracorporeal therapies and sickness severity scores can define altered dosing needs. For instance, cefazolin daily dosing requirements that are specific for critically ill patients were found to vary by up to 400% between and within subjects dependent on serum albumin concentration, renal function and body weight in one study [28] . An improved understanding of the effect of disease on drug disposition allows for more specific, effective and safe dosing regimens to be developed [29, 30] .
In some critically ill patients, intensive sampling for determination of antibiotic concentrations may be unfeasible and difficult to justify. Critically ill neonates and infants present unique demands for the conduct of high quality clinical trials because of the limitations of blood sampling volumes. Statistical methods (such as D-optimal design theory) can be used to define the most informative sampling times while minimising the number of samples, and potentially number of patients, needed [31] .
Sampling site considerations and tissue penetration
Serum or plasma concentrations are commonly used to describe antimicrobial PK. However, because most infections occur in the extravascular space [32] , antimicrobial concentrations measured in tissues, e.g. sampling epithelial lining fluid in pneumonia [33] , provide additional information of drug distribution and likely effects for infections in specific body sites. In fact, insufficient antimicrobial concentrations at the site of infection have been postulated as a possible reason for persisting poor infection outcomes in critically ill patients [34] . Traditionally, tissue homogenates obtained from biopsies have been used to describe antimicrobial tissue distribution. However, many pathogens are located in the interstitial fluid (ISF) of tissues and as homogenate concentrations represent an average of intra-and extracellular concentrations they do not provide accurate infection-site data [35] . Tissue ISF concentrations of unbound antimicrobial, which can be measured using microdialysis, are considered to provide the most informative data for extracellular infections [36] . When tissue distribution occurs by passive diffusion exclusively, as is likely the case for most small molecules including beta-lactams and aminoglycosides, plasma and tissue ISF antimicrobial AUCs are similar. However, the shape of the unbound concentration-time profile may differ because of delayed distribution, resulting in a lower and later C max in the tissue. Further, variations between plasma and tissue ISF concentration profiles can be caused by the presence of active efflux transport [37] , degradation of antimicrobials [38] or reduced perfusion into peripheral tissues as occurs in septic shock [34] . The observed differences between plasma and tissue concentrations may have implications for dosing regimens in the treatment of severe infections (Table 2 ) [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] .
Population PK/PD modelling
Mathematical modelling to maximise use of clinical data and more accurately describe PK/PD relationships Data on antimicrobial concentrations is most robustly analysed using population PK models, which describe both the typical drug concentrations over time in a population and the inter-and intra-subject variability. Population analysis allows for sparse sampling from each individual because information is shared within the population [49] . There are a number of software packages able to perform population PK analysis, which are discussed elsewhere [50] . In a PK model the simplest structural model includes one compartment and two parameters, typically the volume of distribution and clearance. However, more complex structural models, e.g. including two compartments and four parameters, are often required to accurately describe changes in drug concentrations over time.
Once a population PK model has been developed, Monte Carlo simulations, where concentration-time profiles for a large population are generated to compute the proportion of patients meeting a certain PD target [7, 51] , are the most common strategy to define an appropriate dosage of an antimicrobial. However, the use of a fixed PD target has limitations since the time course of bacterial killing and emergence of resistance is not considered, and the target's dependence on PK is ignored. Meropenem is an example of an antimicrobial where the PD target determined from non-clinical studies has been questioned for extrapolation to the clinical setting [52, 53] . By coupling a PK/PD model developed on the basis of in vitro data to clinical concentrationtime profiles it can be shown that prolonged infusions are preferable for patients with augmented clearances [52, 54] , which has also been suggested for critically ill patients [55] . For antimicrobials, much of the knowledge on PK/PD relationships has been generated using non-clinical data [22] . This is primarily because quantitative measurements on drug effects are difficult to achieve in patients. Dichotomous outcome data obtained from clinical studies such as cure/no cure provide little information on the impact of the ideal concentration-time course to achieve fast and extensive microbial killing. The clinical PK/PD analysis is therefore limited to analyses that identify exposure thresholds that best separate cure/no cure or mortality/ survival (e.g. Classification and Regression Tree (CART) analysis) [56, 57] . Implementation of CART results to individualise antimicrobial dosing has been proposed [58, 59] . However, as for all analyses using PD targets that ignore the time course of effects, exploration of different dosing regimens (e.g. bolus doses and extended or continuous infusions) should be made with caution.
Application of PK/PD models to develop dosing recommendations and to guide individualised dosing

PK/PD models to predict dosing efficacy
As discussed above, PK/PD models can combine available knowledge of PD, based on in vitro, animal or clinical data, with clinical PK. Because of the PK variability in critically ill patients, dosing simulations for different clinical scenarios are required to propose dosing regimens suitable for individual patients. These dosing simulations can incorporate relevant patient characteristics known to affect PK, e.g. body size and organ function. Attainment of PD targets can be predicted for different combinations of antimicrobial doses and pathogen susceptibilities, and optimised dosing regimens can be suggested for specific scenarios (e.g. depending on infection type, severity of illness or immunosuppression). Still, the predictions may be imperfect given the uncertainty in PK and PD present [60] and should be validated in clinical studies when relevant and appropriate.
Dosing guided by therapeutic drug monitoring
PK models coupled to a PD target can be used to design nomograms in which one or more patient characteristics that drive the PK variability are required to determine optimal dosing [61] . Dosing based on validated nomograms increases the probability of achieving PD targets as compared to conventional dosing [62] . A drawback is that deviations from dose times and sampling cannot be handled appropriately. A more time-intensive, but likely more accurate approach is entering the models into dosing software and then using relevant patient data (e.g. age, renal function and body weight) to enable the software to calculate a patient-specific antimicrobial dose [63] . Software packages also allow adaptive feedback (input of concentration data to enable accurate calculation of antimicrobial PK in the individual patient) to further individualise dosing (Fig. 1) .
Therapeutic drug monitoring (TDM) involves the measurement of drug concentrations and dose adjustment based on the observed concentration in relation to a target drug exposure. Traditionally, antimicrobial TDM has been used to minimise drug toxicity, but it is increasingly used to maximise drug efficacy (Table 3 ). This has been made possible by the exposure-effect relationships that have been established for antimicrobials. In the clinical setting, numerous reports have now described associations between plasma concentrations and efficacy or toxicity for selected drugs such as aminoglycosides, glycopeptides, azole antifungal drugs, beta-lactams and oxazolidinones [64] .
Potential of PK models incorporating antimicrobial toxicity and biomarker response
Use of PK/toxicodynamic models to balance efficacy and risk of side effects As a result of the global escalation of multidrug-resistant pathogens and the lack of effective antimicrobials for monotherapy, physicians have been forced to use antimicrobial regimens for which safety and efficacy have not been established [65] . These treatment options include regimens with doses higher than usually recommended throughout or at initiation of therapy (i.e. front-loaded regimens) and combinations of two or more antimicrobials [66, 67] . Since safety is typically evaluated for monotherapy in healthy volunteers and non-critically ill patients during drug development, limited clinical data is available for combinations.
CART analyses can be used to suggest a drug exposure threshold (e.g. a trough concentration) which is associated with antimicrobial toxicity and describe the antimicrobial effects of monotherapy at a defined dosing regimen [68, 69] . Other statistical analyses, such as logistic regression, can be used to define the increased risk of drug toxicity at higher drug exposures in large patient cohorts [70] . However, these approaches are difficult to apply to regimens with changing doses over the course of therapy and combinations. In this context, mechanismbased toxicodynamic models might be useful to provide a more thorough understanding and predict the time course of antimicrobial toxicity and safety [71] [72] [73] .
Biomarker modelling for early identification of effective therapy
The use of biomarkers (e.g. C-reactive protein, procalcitonin), as surrogates of microbial infection and magnitude of the infective burden, is widely employed in clinical practice to guide initiation and discontinuation of antimicrobial therapy [74] . Its incorporation as PD data in PK/PD modelling has been described recently [75] . The use of PK/PD models for biomarkers has the potential to provide valuable information on the appropriateness of antimicrobial therapy, especially if there is an established correlation between early biomarker response and clinical outcome. However, further evaluation is needed to determine the potential benefits of biomarker modelling in the management of critically ill patients. Importantly, biomarker changes might not be highly specific for the treated infection and there needs to be confidence that its dynamics reflect the interaction between drug, pathogen and host response. Existing additional factors (e.g. surgery and tissue damage) affecting the biomarker response need to be considered in a more advanced modelling framework.
Future directions to improve use of PK/PD for optimal care of critically ill patients
In light of the altered PK in critically ill patients it is clear that a shift towards individualised dosing is required to optimise the efficacy of antimicrobials while reducing the risk of toxicity. This is becoming increasingly important in an era of emerging antimicrobial resistance. However, evidence to support appropriate dosing regimens for specific patient subgroups and infection types is difficult to obtain from clinical trials with these patients. Therefore, preclinical in vitro and animal data and PK/PD models will remain important to support dosing of critically ill patients with severe infections (Fig. 2) .
Further studies are suggested to confirm whether these models can provide precise guidance for treating critically ill patients. Also, efforts are needed to generate more precise data reflecting the dynamics of PK and PD in these patients. For example, dynamic in vitro studies and PK/PD modelling can be used to better describe shifts in appropriate PK/PD targets by evaluating the effects of clinically relevant PK profiles that may occur in treated patients. The human immune system and the bacterial inoculum size are other important determinants of treatment success that may be difficult to measure in critically ill patients but can be explored in vitro and in animal infection models. Better tools need to be developed 
Individualised dosing with therapeuƟc drug monitoring (TDM)
Enhanced chance of reaching PD target early. Dose unchanged without therapeuƟc drug monitoring. to quantify the impact of these factors on antimicrobial PD, which can then be translated to clinical practice. Clinical studies on antimicrobial PK and infections in the critically ill can also be improved to provide maximally informative data to be incorporated in PK/PD models. Ideally, future clinical studies should assess drug concentrations at the infection site, in addition to plasma, susceptibility of the causative pathogen and clinical outcome to determine relevant PK/PD targets for the intended infection site and patient population. Currently, microdialysis is preferred for sampling ISF; however, the development of less complex and more affordable methods would be of great value to improve the feasibility of such studies. The obtained data could then be used for example to understand the mechanism underlying advantages of one dosing approach over another, e.g. systemic versus aerosolised antimicrobial administration for treatment of pneumonia caused by multidrug-resistant pathogens.
Knowledge of the drug exposures associated with optimal antimicrobial effects is important, as is the rapid attainment of these therapeutic exposures in individual patients. To this end, bedside technology that can measure antimicrobial concentrations and microbial susceptibility with rapid reporting is required. In addition, a wider range of routine drug assays available in clinical laboratories is highly desirable to facilitate point-of-care TDM. Fig. 2 Schematic of the role of preclinical infection models, PK/PD modelling and clinical PK studies for optimising antimicrobial dosing and therapeutic drug monitoring in critically ill patients with severe infections. Ideally, future studies with this patient group should assess drug concentrations achieved at the infection site, in addition to plasma, and the associations between measured PK and clinical outcome as outlined in this figure Incorporation of the relevant patient-specific data into dosing software that contains robust PK/PD relationships developed with relevant PD data from in vitro, animal and clinical sources and PK data from critically ill patients is likely to improve patient outcomes. A PK/PDbased approach may lead to altered dosing requirements for different infections types and patient populations, but also to making a more refined approach to antimicrobial susceptibility testing. Characterising the impact of intraindividual PK variability in the critically ill on the efficiency of TDM should be further evaluated. If high value of TDM is shown, then an important future step would be to assess the cost-effectiveness of PK/PD-optimised therapy in relevant critically ill patient subgroups and infection pathologies through comprehensive and generalisable prospective clinical studies.
Conclusion
Use of data from preclinical infection models coupled with clinical PK and PD data as well as TDM-guided dosing regimens can maximise the utility of antimicrobial regimens. However, clinical outcome and cost-effectiveness studies quantifying the impact of such an intensive intervention are required.
